Widespread release of Bacillus anthracis (anthrax) or Yersinia pestis (plague) would prompt a 24 public health emergency. During an exposure event, high-quality whole genome sequencing (WGS) can 25 identify genetic engineering, including the introduction of antimicrobial resistance (AMR) genes. Here, 26 we developed rapid WGS laboratory and bioinformatics workflows using a long-read nanopore 27 sequencer (MinION) for Y. pestis (6.5h) and B. anthracis (8.5h) and sequenced strains with different 28 AMR profiles. Both salt-precipitation and silica-membrane extracted DNA were suitable for MinION 29 WGS using both rapid and field library preparation methods. In replicate experiments, nanopore quality 30 metrics were defined for genome assembly and mutation analysis. AMR markers were correctly 31 detected and >99% coverage of chromosomes and plasmids was achieved using 100,000 raw sequencing 32 reads. While chromosomes and large and small plasmids were accurately assembled, including novel 33 multimeric forms of the Y. pestis virulence plasmid, pPCP1, MinION reads were error-prone, 34 particularly in homopolymer regions. MinION sequencing holds promise as a practical, front-line 35 strategy for on-site pathogen characterization to speed the public health response during a biothreat 36 emergency. 37 38 40
Abstract
Introduction 39 Yersinia pestis and Bacillus anthracis are the etiological agents of plague and anthrax, of reads following base-calling, but the amount of data generated and average Q-score resembled other 139 technical replicate runs (Fig. 1, Supp . Table 3) . 140 The number of ≥Q7 FASTQ reads generated was inconsistent within and among the SP and SM 141 replicate runs. During the first 16 hours of sequencing, the SP technical replicates generated 310,906-142 639,598 ≥Q7 reads, while SM experiments generated 305,824-1,172,803 ≥Q7 reads. The average read 143 lengths within and among the SM and SP replicates varied. Both average read length and number of 144 reads generated contributed to the amount of useable data (Fig. 1, Supp . Table 3 ). For example, SP 145 Rapid 2 (388,435 reads) had more ≥Q7 reads than SP Rapid 3 (310,906 reads), but SP Rapid 3 read 146 lengths were ~1.75X longer. The amount of SP Rapid 3 run data generated was greater (2.6 Gb vs. 1.8 147 Gb). Overall, the range of useable data generated by the SP replicate experiments (1.8 to 3.1 Gb) was 148 comparable to SM (1.3 to 4.6 Gb). The average Q-scores of the SM and SP Rapid Sequencing technical 149 replicates ranged from 12.5 to 13.2. The amount of sequencing data (≥Q7 reads and total Gb) generated 150 using the Field Sequencing Kit was comparable to the Rapid Sequencing Kit (Fig. 1, Supp . Table 3) . 151 The Field Sequencing Kits produced data sets with the overall highest SP (13.5) and SM (13.9) Q-152 scores.
153
The strand-to-pore ratio is a quality metric that represents the quantity of MinION flow cell 154 pores actively sequencing DNA (pores in strand) relative to total available pores. The ratio was 155 recorded after ~10 minutes of sequencing per run to assess the library preparation quality (Supp. Table   156 2). A ≥50% strand-to-pore ratio was expected for the RAD-004 Rapid Sequencing Kit (ONT MinION sequencing performance and Y. pestis S1037 de novo assembly using retrospective 162 downsampling of passed fast5 reads. A retrospective downsampling of passed fast5 reads was 163 performed to determine the amount of data necessary to produce high-quality genome assemblies. 164 Assembly quality was measured by indel frequency, genome coverage, ability to assemble large and 165 small plasmids, and accurate detection of the gyrA SNP associated with the CIP-NS phenotype (Fig. 2) . 166 Minimal improvements in overall assembly quality were observed when >75,000 reads were 167 analyzed (Fig. 2) . De novo assemblies using ≤75,000 reads did not consistently assemble the Y. pestis 168 chromosome, or large (pMT1) and small (pPCP1) plasmids. Subsequent nanopore analyses were 169 performed with 100,000 reads only. The average number of mismatches for the SP and SM 100,000-170 read data sets ranged from 220 to 368, while Illumina MiSeq and PacBio assemblies of the same strain 171 contained 44 and 29 mismatches, respectively ( Fig. 2a ). Thousands of indels (3,151 to 8,251) were 172 detected in nanopore assemblies (Fig. 2b ), compared to Illumina (18 indels) and PacBio (93 indels), and 173 were predominantly located in homopolymeric regions. Indels were not significantly reduced in 174 nanopore assemblies supplemented with >100,000 additional reads (data not shown). Using 100,000 175 reads, averaged across the three Rapid SP and three Rapid SM Y. pestis S1037 data sets, the poly-N 176 length and the fraction of poly-N's correct in the assemblies was plotted for each nucleotide type using 177 both the RACON and Nanopolish error corrected assemblies (Supp. Fig. 2 ). Nanopolish increased the 178 fraction of Y. pestis poly-N lengths correctly called, but this fraction exponentially decreased for lengths 179 >4. Increased accuracy was observed when calling poly-As and Ts compared to poly-Gs and Cs. The 180 gyrA point mutation, which is not located in a homopolymeric region, was correctly identified in all Y. 181 pestis assemblies ( Fig. 2g ).
182
The first 100,000 fast5 reads yielded >99% identity with A1122 across the ~4.6 megabase Y. 183 pestis genome for all experiments (Fig. 2c ). For the chromosome, all nanopore assemblies generated a 184 single contig, except the SP Rapid 1 data set (2 contigs observed) (Fig. 2g ). The average depth of 185 chromosome coverage was 101X for all replicate Y. pestis S1037 data sets ( Fig. 2d ). Plasmid pMT1 was 186 consistently assembled to completion, with multiple overlaping reads spanning the entire plasmid length 187 in all 100,000-read data sets, however pPCP1 was not. Un-or misassembled pPCP1 fragments were 188 detected (i.e. assembly of multiple small fragments with homology to pPCP1 or bases in different order 189 than the reference sequence) ( Fig. 2g ). Reads corresponding to pPCP1 with lengths greater than 9.5 kb 190 and 19 kb were also identified, and are discussed below. Overall, the SP sequencing runs produced 191 higher average coverage for both pMT1 (104X) and pPCP1 (3,567X) compared to the SM runs (22X 192 and 431X, respectively) ( Fig. 2e and 2f ). Among the SM and SP Rapid and Field Sequencing Kit runs, 193 the average time to generate 100,000 fast5 reads was ~2 hours (Supp. agar culture isolate, MinION WGS, de novo assembly and analysis can be completed in ≤6.5 hours (Fig. 196 3).
197
Detection of multimeric pPCP1 forms in Y. pestis S1037 and A1122 assemblies. Analysis of read 198 length distributions among the SP and SM technical replicates revealed a greater number of long reads 199 generated in SP experiments (Supp. Fig. 3 ). SP data sets also contained more ~18.2 kb reads, which 200 correspond to the pPCP1 dimer (2-mer) form. Most reads from Y. pestis S1037 SP data sets with 201 regions homologous to pPCP1 were ~9.1 kb (~17%) or ~18.2 kb (~80%) (Supp. Fig. 4 ), which 202 correspond to the previously described monomer (~9.5 kb) and dimer (~19 kb) forms 38 . A few reads 203 (~3%) with lengths >18.2 kb were detected in the 100,000-read data sets from SP extracted gDNA, but 204 were absent in SM data sets (Supp. Fig. 3 and Supp. Fig. 4 ). Dimer, trimer, and tetramer pPCP1 forms 205 are linked together in a 5′-3′ head-to-toe fashion ( Fig. 4 ). Multimers were present in the nanopore data 206 sets derived from the Field Sequencing and three Rapid Sequencing Kit preparations of the same SP 207 extracted gDNA (SP-1). An S1037 assembly using Illumina short-read data resulted in three contigs 208 (688 nt, 1,894 nt, and 7,375 nt) with pPCP1 homology, and did not assemble the ≥19 kb plasmid forms 209 ( Fig. 2g ). An S1037 PacBio assembly resulted in 3 contigs corresponding to the chromosome 210 (4,576,792 nt), pMT1 (95,849 nt), and a partially assembled pPCP1 (21,732 nt) ( Fig. 2g ).
211
An additional Y. pestis S1037 SP gDNA extraction (SP-2, Supp. Table 1 ) was prepared using 212 care to minimize DNA shearing (e.g. without vortexing and minimal pipetting) to improve WGS 213 detection of multimer pPCP1 forms. Following sequencing using the Rapid Kit, the resulting 100,000-214 read de novo assembly yielded comparable sequence quality to the technical replicate assemblies (data 215 not shown) and overall contained more reads that were >18.2 kb than the S1037 SP-1 data set (Supp. 216 Fig. 5a ). The average read length (10,960 nt) was greater than the longest average read length (7,800 nt) 217 observed in the technical replicate experiments. The SP-2 assembly contained an increased fraction of 218 ~18.2 kb reads that corresponded to the pPCP1 plasmid dimer (Supp. Fig. 5b ). Few reads with pPCP1 219 homology measured ~45,500 nt (4 reads) and 54,600 nt (1 read), which correspond to putative 5-mer 220 and 6-mer forms (Supp. Fig. 5b ).
221
To determine if Y. pestis A1122, the parent strain of S1037, also contained reads >18.2 kb with 222 pPCP1 homology, SP and SM extracted gDNA was used for Rapid Sequencing Kit library preparation 223 and nanopore sequencing. The 100,000-read de novo assemblies from A1122 yielded comparable 224 sequence quality to the technical replicate assemblies (data not shown). A1122 reads >18.2 kb with 225 pPCP1 homology (Supp. Fig 6) were assigned 3-or 4-mer forms. When >100,000 reads were analyzed, 226 additional pPCP1 homologous reads in this size range or greater were not detected. A PacBio assembly 227 of A1122 resulted in 3 contigs corresponding to the chromosome (4,586,979 nt), pMT1 (96,144 nt), and 228 pPCP1 (8,935 nt) (data not shown).
229
B. anthracis gDNA quality and quantity. The rapid Y. pestis nanopore sequencing approach was 230 applied to B. anthracis strains with different AMR profiles to evaluate de novo assembly quality and to 231 identify plasmids and known AMR markers/mutations ( Table 1 ). The SM DNA extraction method was 232 selected over the SP method for this study based on speed (1.5 hours time saving). Results from SP 233 extracted gDNA were comparable in quality and quantity (data not shown). B. anthracis SM extractions 234 produced HMW DNA (>30 kb) with minimal shearing (Supp. Fig. 7 ) at concentrations acceptable for 235 MinION sequencing (Supp. Table 1 ). The SM extraction for B. anthracis Sterne/pUTE29 met ONT's 236 absorbancy ratio requirements, but the A260/230 ratio for strains 411A2 and UT308 were lower than the 237 recommended range of 2.0-2.2. Repeated extraction attempts did not improve the ratios for these strains 238 (data not shown). Additional clean-up by DNA precipitation was not performed to avoid extending the 239 procedure time and to minimize gDNA shearing. Rapid Sequencing Kit libraries were prepared using 240 gDNA from UT308, 411A2, and Sterne/pUTE29 and Field Sequencing Kit libraries were prepared using 241 gDNA from the latter two strains. 
248
Nanopolish increased the fraction of B. anthracis poly-N lengths correctly called, but this fraction 249 decreased with lengths >4. Increased accuracy was observed when calling poly-As and -Ts compared to 250 poly-Gs and -Cs (Supp. Fig. 8 ).
251
The 100,000-read analysis yielded >99% identity across the ~5.2 Mb B. anthracis genome in 252 every data set analyzed ( Fig. 5c) . B. anthracis nanopore assemblies contained single contigs for the 253 chromosome (66X average depth of coverage) and pXO1 (~180 kb, 223X average depth of coverage), 254 which were consistantly assembled to completion ( Fig. 5d , e, g). Analysis of 100,000 fast5 reads 255 provided sufficient coverage to detect known AMR markers (chromosomal or plasmid-associated) 256 (Table 1) . For Sterne/pUTE29, the ~7.3 kb pUTE29 plasmid was consistantly assembled using both 257 Rapid and Field Kit nanopore data (average 5,621X depth of coverage) ( Fig. 5f, g) . However, pUTE29 258 was partially assembled or unassembled using Illumina and PacBio data, respectively (Fig. 5g ). The 259 gyrA and parC mutations associated with quinolone resistance were detected in the CIP-NS strain 260 411A2 ( Fig. 5g ). Among the SM Rapid and Field Kit runs, the average time to generate 100,000 fast5 261 reads was ~3 hours (Supp. Table 2 ) and data analysis required ~ 2.5 additional hours (including base-262 calling). For B. anthracis, SM DNA extractions from an agar culture isolate, MinION WGS, and de 263 novo assembly and analysis can be completed in ≤ 8.5 hours (Fig. 3 ). MinION WGS is promising as a front-line strategy for on-site microbial characterization due to the 280 speed of sample preparation, relatively low cost and device portability 41 . Here, we describe a nanopore 281 sequencing approach for Y. pestis and B. anthracis with a turnaround time that is ~90% faster than 282 current Illumina MiSeq workflows and yields complete genome assemblies, including large and small 283 plasmids, and accurately identifies AMR genes and mutations within a work day.
284
For the widespread adoption of WGS-based approaches in public health and clinical laboratories, Shelf-stable reagents that do not require cold chain storage are preferred for rapid deployment 295 and use in the field. The lyophilized Field Sequencing Kit, which does not require a cold chain, 296 performed comparably to the Rapid Kit. To identify the minimum amount of sequencing time needed to 297 consistently generate enough data for high-quality Y. pestis and B. anthracis de novo genome 298 assemblies, a retrospective down sampling analysis was performed. On average, only 100,000 fast5 299 reads were necessary to assemble the chromosome and large and small plasmids with sufficient 300 coverage to correctly identify known AMR genes and mutations. Additional reads did not strengthen 301 the assembly quality, and any improvement of coverage and number of mismatches, indels, and % 302 identity was negligible. Our laboratory and bioinformatic workflows were achieved in <8.5 hours 303 starting from a culture isolate, and accurately detected genomic AMR markers in approximately half the 304 time required to complete functional AST for Y. pestis and B. anthracis. 305 We demonstrate that thresholds and quality metrics can be established that are indicative of 306 nanopore sequencing quality. MinION sequencing performance was assessed by comparing data from 307 two technical replicate experiments where the DNA extraction, library preparation kit, sequencing 308 conditions, MinKNOW software, and MinION instrument and flowcell versions remained the same.
309
Since the majority of nanopore data is generated during the first 16 hours of sequencing when the most 310 active pores are used 26, 36 , only the passed reads generated during this time were analyzed in order to 311 standardize the technical replicate data sets. Considerable run-to-run variation was observed among the 312 SP and SM replicates from the same biological sample. We demonstrated that the number of active 313 pores was not predictive of the amount or quality of data. These inconsistencies could result from 314 intrinsic flow cell variability and day-to-day loading efficiencies. However, comparable average quality 315 scores were observed for basecalled reads (≥Q7) for both the SP and SM data sets.
316
The rapid sequencing workflow developed in this study aimed to deliver the fastest turnaround 317 time per bacterial isolate using one flowcell per run. The study avoids the complexities of 318 multiplexing/demultiplexing sequences during data analysis. Due to the variability we observed in 319 flowcell performance, multiplexing the same sample on a single flow cell could be used to establish 320 "within run" precision. Improved rapid multiplex capabilities have been described since this study 321 began, but multiplexing is a balance between sequencing speed and genome coverage. Additional and contained more indels, a well described nanopore error type 33, 34, 43 . Therefore, open reading frame 334 prediction and SNP-typing were not performed for MinION assemblies due to the large number of 335 indels. Overall, use of the Nanopolish error correction tool reduced indels, but accurate basecalls could 336 not be made in homopolymer regions (poly-N lengths >4). For this reason, the homopolymeric regions 337 associated with penicillin resistance in B. anthracis, sigP-rsiP 42 , were not included for analysis in this 338 study. However, QRDR mutations associated with AMR in B. anthracis and Y. pestis that are located in 339 non-homoploymeric regions of the genome were correctly identified in nanopore assemblies. Currently, 340 a hybrid (long-and short-read) assembly approach is necessary to construct complete genomes with 341 sufficent quality for variant calling (for SNP and indel detection) with nanopore data.
342
Y. pestis isolates harboring various multimeric pPCP1 forms in addition to, or in place of, one of 343 the three prototypical plasmids were described previously 38, 44 . The 9.5 kb and 19 kb pPCP1 plasmids 344 are stable upon multiple passages and coexist; however, one plasmid is often present at a higher 345 concentration than the other, suggesting a level of genetic control of expression 38 . Chu et al. 38 noted the 346 presence of pPCP1 dimer forms in strain A1122, regardless of DNA extraction method used 38 . Other 347 atypical Y. pestis plasmids have been described in Angola and C790 strains, including a chimeric 348 114,570 nt form with two tandemly repeated pPCP1 copies integrated into pMT1 45 , and a pMT1-pCD1 349 chimera 46 , respectively. The presence of an IS element, IS100, on pPCP1, pCD1, and pMT1 may have 350 facilitated the formation of these multimeric and chimeric plasmids via homologous recombination 45, 46 .
351
Understanding these plasmid size and form variations among naturally occurring Y. pestis isolates is 352 important for distinguishing between natural and potentially engineered variation 44 .
353
In this study, the pPCP1 monomer and dimer forms were not consistently assembled correctly 354 because multiple pPCP1 reads of different sizes introduced considerable ambiguity into the assembly 355 graphs. Multiple overlapping pPCP1 reads corresponding to closed-circle multimer plasmids of various 356 increasing sizes were also identified. The longest pPCP1 multimers were detected in a Y. pestis S1037 357 assembly for which additional steps to reduce gDNA shearing during the SP extraction were employed.
358
Analysis of 100,000 reads revealed four 5-mer reads and one 6-mer read. Additional analysis of 359 300,000 reads identified eleven 5-mer reads and only one 6-mer read (data not shown); none of which 360 were detected in SP technical replicate data sets. The challenges of using long-read sequence data for 361 plasmid assembly, discussed below, and/or DNA shearing may explain the rarity of finding these large 362 multimers. 363 Chu et al. 38 also described the presence of multimeric pPCP1 forms in A1122 >19 kb by 364 Southern blot analysis and they explain these multimer forms may contribute to bacterial plasmid 365 maintenance. While the Y. pestis genome is considered monomorphic 47 , there is evidence for genome 366 plasticity due to large genomic rearrangements (translocations and inversions), as well as gene loss due 367 to homologous recombination between multiple copies of highly repetitive IS elements found on all 368 three plasmids and on the chromosome 48, 49, 50 . We speculate that in Y. pestis strains S1037 and All22 369 the 9.5 kb pPCP1 plasmid has undergone homologous recombination with itself and with the 19 kb 370 pPCP1 plasmid to form the 2-mer to 6-mer species.
371
The power of MinION sequencing to resolve complex genomic structures was evident in the 372 ability to identify expected and novel pPCP1 plasmid multimers. These pPCP1 multimers were only 373 partially assembled using S1037 and A1122 Illumina and PacBio data. In addition, the A1122 reference 374 sequence (CP002956.1), assembled from Illumina data, contains only the pPCP1 monomer form. This 375 is an example of the limitation of using short-read data to assemble complex genomic regions and 376 highlights that assemblies in public databases may be incomplete.
377
Small plasmid assembly using long-read data is challenging for many algorithms 51 . Unlike the 378 issues associated with assembling multiple copies of the Y. pestis multimeric plasmid, the pUTE29 (~7.3 379 kb) plasmid was readily assembled in all B. anthracis data sets. However, the bioinformatics pipeline in 380 this study was tailored to assemble these plasmids. It is important to note that these parameters may not 381 be generalizable for every data set. While this work was performed using a small number of strains, the 382 availablity of resistant Y. pestis and B. anthraicis isolates is limited; for both laboratory derived and 383 naturally-occuring isolates. Further optimization is required to assure the pipeline can correctly identify 384 different plasmid and AMR profiles, and this is currently under investigation. Since the completion of 385 this work, new assemblers, e.g. WTDBG2 52 and FLYE 53 , have been released and address the 386 limitations of plasmid assembly using long-read sequence data.
387
Other limitations of nanopore sequencing (e.g. cost, throughput, and accuracy) could be 388 mitigated by future updates to the software, hardware, library preparation kits, and reagents 41 . But, 389 with these improvements and updates come challenges such as locking down assay parameters to assess 390 and compare performance 36, 54, 55 . The workflows described here for same-day bacterial MinION WGS, 391 assembly, and bioinformatics analysis for biological threat pathogens show the utility of nanopore 392 sequencing for rapid diagnostics that will be critical during a biothreat event. As NGS technologies 393 continue to evolve and stablize, real-time nanopore WGS for bacterial characterization, including AMR 394 marker detection, chromosome, large and small plasmid assembly, and accurate SNP detection, may 395 soon be a reality. /pUTE29, B. anthracis 411A2, and B. anthracis UT308) . All 400 procedures were performed in a biosafety level 2 (BSL-2) laboratory by trained personnel wearing 401 appropriate personal protective equipment (PPE) according to the CDC/NIH publication Biosafety in reads were used to generate a draft assembly using minimap2 58 (version 2.10-r770-dirty) and miniasm 450 59 (0.2-r168-dirty). First, all-versus-all alignment of the FASTQ reads was performed using minimap2 451 with the option '-x ava-ont'. The resulting minimap2 alignments and input reads were used to create a 452 draft assembly with miniasm, using the options '-s 1750 -h 1000 -I .5'. Errors in the draft assembly 453 generated by miniasm were iteratively improved using RACON 60 (version 1.1.1). For 5 iterations, 454 minimap2 was used to align the reads to an assembly and the alignments were used by RACON to 455 produce a consensus assembly. The first iteration used the draft assembly generated by miniasm, while 456 subsequent iterations used the consensus assembly generated by the previous RACON step. The final 457 output of the RACON process was further processed using Nanopolish 61 (version 0.10.1). Nanopolish 458 was run in the variants mode using the options '--faster --consensus --min-candidate-frequency 0.1', and 459 the vcf2fasta feature was used to create the final consensus sequence. Characterization of Plasmids. Contigs ≥500,000 nt were excluded from plasmid 474 characterization as they likely represent chromosomal sequence. Remaining contigs ( ≤500,000 nt) 475 were queried with a custom database of plasmids and artificial sequences using the pblat 66 utility 476 (version 35). A custom algorithm, pChunks, was used to find the set of plasmid sequences present in the 477 assembly such that the maximal amount of plasmid sequence was included.
478
Detection of mismatches, insertions and deletions. The consensus assembly generated by the 479 last iteration of RACON was aligned with the corresponding reference sequence (Y. pestis A1122 or B. 480 anthracis Ames Ancestor) to identify mismatches and small indels using the dnadiff utility from the 481 MUMmer 67 package (version 4.0.0beta2). Gaps from the resulting 'rdiff' (reference differences) and 482 'qdiff' (query differences) outputs were used to identify indels in one genome relative to the other.
483
Sequence gaps ≥100 bases, and with positive lengths in both the assembly and reference sequences 484 (denoting real insertions and not duplications) were kept as insertions. Mismatches identified by 485 MUMmer were compared to the presence of homopolymeric regions in the reference sequence to 486 determine the number of homopolymeric regions that were assembled correctly. Coverage of the 487 reference chromosome and plasmids was characterized by aligning reads against the references 488 sequences using minimap2, and enumerating the mean per-base coverage. 489 Downsampling. Y. pestis and B. anthracis reads were retrospectively assembled using the above 490 analysis in the order they were generated for the first 25,000, 50,000, 75,000, 100,000 passed fast5 reads 491 to determine the minimum number of sequencing reads required for chromosome and plasmid assembly, 492 as well as the identification of known AMR genes and mutations. Per assembly, the number of 493 mismatches, indels, and percent identity were determined using an alignment to the reference sequence.
494
The chromosome and plasmid precent coverage was calculated. 495 pPCP1 Analysis. For each SP S1037 Y. pestis 100,000-read data set, basecalled reads of ≥1000 nt were 496 aligned to the pPCP1 reference sequence from Y. pestis A1122, Accession No. CP002956.1, using minimap2. Reads that aligned to the pPCP1 sequence across at least 95% of their length were included 498 for analysis. Reads were assigned to a 1, 2, 3, 4, 5, or 6-mer version of the pPCP1 sequence based on 499 their length and the fractions of these versions in each sample were used to determine the pPCP1 500 multimer fraction (Supp Fig. 4 ). All SP Y. pestis S1037 data sets contained reads corresponding to 2, 3, 501 and 4-mer forms of plasmid pPCP1, and SP Rapid 1 was chosen as the representative data set to use to 502 generate Circos plots 68 representing the distribution of reads from the plasmid multimers. From the SP 503 Rapid 1 aligned reads, a representative read for each multimeric pPCP1 sequence was choosen to 504 represent the complete plasmid. The representative read was rotated such that the first base of the read 505 aligned to the first base of the pPCP1 reference sequence. The remaining reads for each multimeric 506 pPCP1 sequence were aligned against the reference read. Known coding sequences from pPCP1 were 507 found in the multimeric forms by querying these features against the representative read using BLASTn Ancestor reference assemblies to identify mismatches and small indels using the dnadiff utility from the 524 MUMmer 67 package (version 4.0.0beta2). Comparison of PacBio reads corresponding to the pPCP1 525 sequence was carried out as described above for the analysis of pPCP1.
526

Data Availability
527
The nanopore, illumina, and PacBio sequence data sets generated and analyzed in the current study are 528 available from NCBI in the Sequence Read Archive under bioproject PRJNA523610. All nanopore 529 sequencing runs and corresponding BioSample accession numbers are also listed in Supp Table 2 . All 530 data supporting the findings of this study are available within the article and its supplementary 531 information files, or are available upon request. were generated using analysis of the first 25,000, 50,000, 75,000, and 100,000 passed fast5 nanopore 795 reads. a-c Determination of mismatches, indels, and % identity, and d-f fold coverage for chromosomal 796 and plasmid sequences of Y. pestis S1037 data sets aligned to the All22 reference strain. g Using 797 100,000 passed fast5 reads, the ability to assemble the chromosome and plasmids, and to detect the gyrA 798 SNP associated with the non-susceptible CIP phenotype is depicted in a presence/absence plot.
799
Assembled is defined as a complete sequence with the same nucleotide order as the reference sequence 800 (navy), partially assembled represents a sequence that was assembled but not as a single contig (green), 801 misassembled includes a sequence that was assembled but the bases are in a different order than the 802 reference sequence, or a sequence assembled multiple times resulting in an incomplete assembly 803 (yellow), and unassembled refers to a sequence that was not present in the assembly (orange). . pPCP1 is ~9.5 kb, but the pPCP1 1-mer assembly is ~9.1 kb due to the presence of small indels 816 in the nanopore-generated sequence. Reads >18.2 kb were assigned to the 3-or 4-mer form based on 817 length. A representative read (grey) for each multimer was selected as a reference for the complete 818 plasmid the remaining reads were aligned against this sequence (purple). Coding sequences (green) and 819 IS100 elements (yellow) are shown in the center. The 2-, 3-and 4-mer forms are linked together in a 5′-820 3′ head-to-toe orientation. strains. DNA sequencing libraries were prepared using the Rapid and Field Sequencing Kits from a 824 silica-membrane extraction. Assemblies were generated using analysis of the first 25,000, 50,000, 825 75,000, and 100,000 passed fast5 nanopore reads. a-c Determination of mismatches, indels and % 826 identity, and d-f fold coverage for chromosomal and plasmid sequences in data sets of B. anthracis 827 strains (Sterne/pUTE29, 411A2, and UT308) aligned to the Ames Ancestor reference sequence. g Using 828 analysis of 100,000 passed fast5 reads, the ability to assemble the chromosome and plasmids (blue) and 829 detect the gyrA and parC SNPs associated with the non-susceptible CIP phenotype (teal) or wild type 830 sequence (N/A), is depicted in a presence/absence plot. Assembled is defined as a complete sequence 831 with the same nucleotide order as the reference sequence (navy), partially assembled represents a 832 sequence that was assembled but not as a single contig (green), and unassembled refers to a sequence 833 that was not present in the assembly (orange). 
